I. INTRODUCTION

M
ELT-SPUN amorphous Fe-B-based alloys have excellent soft magnetic properties and are widely used as magnetic core materials for transformers [1] . However, since these alloys have large positive magnetostrictions, an audible noise caused by the core vibration is an issue to be solved [2] . In order to find a way to solve the problem, it is necessary to investigate the magnetostrictive behavior of Fe-B alloys. Most of the research has been carried out using melt-spun ribbons with amorphous structure for the B composition exceeding 11 at. % [3] , [4] . Thus, the magnetostrictive behavior of Fe-B alloy for the B compositional range of 0-11 at. % has not yet been made clear. It is quite difficult to prepare bcc Fe-B alloy samples with super-saturated B composition by melt-spun methods because the equilibrium solid solution content of B in Fe is limited up to ∼0.02 at. % [5] , [6] . As a result, the magnetostrictive behavior of Fe-B alloys has not yet been analyzed. On the contrary, Fe-B alloy films prepared by sputtering consist of metastable bcc solid solution with B concentration up to 13 at. % [7] , [8] . In this paper, the single-crystal and poly-crystal Fe 100−x B x alloy films (x = 0, 5, and 13) are prepared by sputtering and the magnetostrictive behaviors are investigated as a function of B concentration. The values of λ s , λ 100 , and λ 111 are estimated from the magnetostriction measurements for the poly-crystal and the single-crystal film samples, respectively. The magnetostrictive behavior of Fe-B alloys is discussed as a function of B concentration in a range between 0 and 13 at. % based on the estimated values. 
II. EXPERIMENTAL PROCEDURE
Fe-B alloy films with 200 nm thickness were deposited on Si(001) and MgO(001) single-crystal substrates using a radio frequency magnetron sputtering system equipped with a reflection high-energy electron diffraction (RHEED) facility at a substrate temperature of 400°C using Fe 100−x B x (x = 0, 5, and 13 at. %) alloy targets. It was possible to prepare single-crystal Fe-B alloy films in a range of 0-13 at. % B composition on MgO(001) substrates [8] . The film thickness of 200 nm was chosen to get enough output voltage in magnetostriction measurement using a 20 mm × 20 mm × 0.35 mm MgO substrate. The base pressures were <4×10 −7 Pa. Before film formation, MgO substrates were heated at 600°C for 1 h in the ultrahigh vacuum chamber to obtain clean surfaces, which were confirmed by RHEED observation. The film structure was analyzed by RHEED and X-ray diffraction. The films deposited on Si(001) substrates with natural oxide layers were poly-crystals, while the films deposited on MgO(001) substrates were bcc(001) single crystals. Magnetization curves were measured using a vibrating sample magnetometer. The anisotropy fields were estimated from the magnetization curves. Magnetostrictive behaviors under rotating magnetic fields were measured using a cantilever method along the two different crystallographic orientations, bcc[100] and bcc [110] up to 1.2 kOe [9] . The rotating speed was 5 r/min. Assuming a coherent rotation of magnetization under rotating magnetic field, λ 100 is estimated from the measurement along [100] and λ 111 is estimated from the measurement along [110] . The magnetostriction coefficient λ is calculated from the following formula [9] , [10] :
where S is the measured bending, L is the distance between laser beam points (12.5 mm), t is the thickness, E is the Young's modulus, ν is the Poisson's ratio, and the subscripts 0018-9464 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. are plotted as a function of B content in Fig. 3 . The saturation magnetostriction, λ s , varies from negative to positive with increasing the B content. The large positive λ s value of bcc Fe 87 B 13 poly-crystal film is almost similar to the λ s values estimated for melt-spun amorphous Fe-B alloys [3] .
In order to investigate the magnetostrictive behavior of Fe-B sample with respect to the crystallographic orientation, the Fe-B(001) single-crystal films are measured. magnetization axis parallel to bcc[100]. The reason why the output waveform is not sinusoidal but bathtub-like is that the magnetization direction is not parallel to the applied magnetic field direction due to the magnetocrystalline anisotropy. A detailed analysis of bathtub-like waveform is reported in [11] .
Based upon a coherent rotation model, the change in length by magnetostriction (δl/l) along [100] in the (001) plane can be written as δl
where θ is the magnetization direction with respect to [100] axis in the (001) plane. This equation shows that the angle dependent part of δl/l depends only on λ 100 . Therefore, λ 100 can be calculated from the data shown in Fig. 5(a) . is the hard magnetization axis for these films. The reason for triangular waveform observed in this paper is analyzed and reported in [11] . Based upon a coherent rotation model, the change in length by magnetostriction (δl/l) along [110] in the (001) plane is written as
This equation shows that the angle dependent part of δl/l depends only on λ 111 . Therefore, λ 111 is calculated from the data shown in Fig. 5(b) . The evaluated results are shown in Fig. 6 as a function of B content. The data show that λ 100 is positive and increases with increasing the B content, but the sign of λ 111 changes from negative to positive with increasing the B content. The λ 111 value determined for Fe is −30×10 −6 and it changes to 2 × 10 −6 for Fe 87 B 13 sample. The results explain that the values of both λ 100 and λ 111 vary depending on the B content in super-saturated bcc Fe-B alloys. The absolute values of λ 100 and λ 111 for the Fe(001) singlecrystal film shown in Fig. 6 are slightly large compared with those reported for bulk Fe single crystal (λ 100 = 20 × 10 −6 and λ 111 = −21×10 −6 ). The difference seems to be attributed to the residual stress in the epitaxial thin films, which is considered to give an influence on the magnetostriction behavior.
However, it is not possible to discuss the effect of residual stress on magnetostriction because the thin film samples are prepared under a fixed condition. In order to estimate the effect of residual stress, it is necessary to prepare thin film samples, for example at different substrate temperatures, which is beyond a scope of this paper. The detailed discussion on the difference in magnetostriction values between the bulk and the thin film samples is considered to be one of the future research topics.
It seems possible to explain the magnetostrictive behavior of Fe-B alloy poly-crystalline material by considering the basic data obtained by employing the single-crystal films. In case of Fe, the large negative λ 111 value is overcoming smaller positive λ 100 value yielding an overall negative λ s value. For Fe 95 B 5 , the positive λ 100 and the negative λ 111 are balanced thus giving a small positive λ s value. With increasing the B content to Fe 87 B 13 , the positive λ 100 is large and the λ 111 is also positive and thus the λ s value becomes large positive. The results obtained in this paper suggest that large positive magnetostriction values noted for B enriched amorphous alloys can be explained as an extension of the B concentration dependence on λ 100 and λ 111 determined for the bcc Fe-B alloy crystal materials.
IV. CONCLUSION
Magnetostrictive behaviors of Fe 100−x B x (001), x = 0, 5, and 13 at. %, single-crystal films are studied in comparison with those of poly-crystal films under rotating magnetic fields. The output waveform of poly-crystal Fe-B film is sinusoidal and the λ s varies from negative to positive with increasing the B composition. On the other hand, the output waveform of the single-crystal Fe-B film is bathtub-like when measured along [100], while it changes to triangular when measured along [110] . λ 100 and λ 111 are estimated from the measured data of single-crystal films. λ 100 is positive and increases with increasing the B content, but the sign of λ 111 changes from negative to positive with increasing the B content. The dependence of λ s for poly-crystalline Fe-B sample on the B content is explained by considering the B content dependence of λ 100 and λ 111 determined with single-crystal film samples.
APPENDIX
Young's modulus, E, and Poisson's ratio, ν, are usually defined in an isotropic elastic body. However, in the case of single-crystal film sample prepared on a rigid substrate, anisotropic representations of E and ν values are required. In this paper, E is defined as P/ε, where P is the uniaxial stress applied along [l m n] and ε is the strain along [l m n].
When P is applied along [l m n], 1/E is expressed as Tables I and II are calculated by employing the equations of (A1) and (A2) with reported C 11 , C 12 , and C 44 values.
